The electronic energy band spectra, as well as partial and total density of electronic states of the crystal argyrodite Ag 8 SnSe 6 have been evaluated within the projector augmented waves (PAW) approach by means of the ABINIT code. The one-electron energies have been evaluated using two functionals for exchange-correlation energy. The first one is the generalized gradient approximation (GGA) approach. The second one is the hybrid functional PBE0 composed of the semilocal GGA part and Hartree-Fock exact exchange non-local energy for strongly correlated 4d electrons of Ag atom. The second approach eliminates the Coulomb self-interaction of the Ag 4d electrons. This leads to a significant restructuring of the energy bands in the filled valence part and to an improved location of the Ag 4d -states on the energy scale, and the resulting value of the band gap is well compared with experiment. The effects of strong correlation on the electronic structure of the crystal argyrodite are considered here for the first time.
Introduction
Ternary chalcogenide compounds have attracted much research interest due to their possible applications in photovoltaic and optoelectronic devices, as well as in non-volatile memories, especially in the resistive random access memory (RRAM) with low energy consumption and high speed of action [1, 2] . The phase-change chalcogenides have been used as resistive memory cell materials [3] . Compounds represented by the formulae A I 8 B IV X II 6 (A I = Cu, Ag; B IV = Si, Ge, Sn; X II = S, Se, Te) [4] belong to the argyrodite family.
The argyrodite Ag 8 SnSe 6 is a narrow band gap semiconductor with energy band gap of 0.82 eV [5, 6] .
The absorption spectrum of the system Ag 8 SnSe 6 is characterized by a sharp absorption peak in the IR region. The structure of Ag 8 SnSe 6 was described by orthorhombic Bravais lattice (space group Pmn2 1 ) below the phase transition point [7, 8] .
The group-theoretical analysis shows that Ag 8 SnSe 6 compound contains 87 optical and 3 acoustic oscillating modes [9] . The interest in the argyrodite materials is caused by their mixed electronic-ionic conduction and lowtemperature phase transition β ↔ γ (at 83°C) [10] .
The electronic structure of argyrodite Ag 8 SnSe 6 has been evaluated within the plane-wave pseudopotential formalism [7] , without taking into account the effects of strong correlations.
It is clear that the 4d electrons of Ag are localized in a narrow energy range of the valence band. Therefore, our task will be to clarify the important points related to the localization of electrons in the valence band, depending on whether the strong correlation of d electrons are taken into account or not. The local exchange-correlation potential fails in this system and can lead to higher energy band position E 4d (k) and to negative band gap values E g 0. For example, using the exchange-correlation potential without strong correlation leads to the metal electronic structure in CdO crystal [11] . Strong electron correlation being taken into account provides a good agreement with experimental direct and indirect band gap values. In works [11, 12] it was also concluded that strong correlation of the d electrons of transition element impurities has a considerable effect on the electronic structure of CdO and AlN crystals.
The effects of strongly correlated electrons in a crystal Ag 8 SnSe 6 have not been considered earlier. So the main purpose of this study is to elucidate the following issues: 1) what is the impact of a strong correlation on the value of the band gap? 2) what are the changes in the electronic structure caused by strong correlations?
We hope to get the answers to these questions having performed the calculations of the electronic structure taking into account strong correlation of the Ag 4d electrons.
Theory
The projector augmented waves (PAW) method [13] combines features of pseudopotential approach and augmented plane waves method. In PAW method, the crystal is divided into two parts: 1) region inside the spheres built around the atoms --an augmentation region (Ω aug ); 2) region outside the spheres (Ω int ) -an interstitial region. The wave functions are represented differently in these regions of the crystal.
For the core electron shells, the wave function is expanded into atomic partial waves |ψ aug 〉 = i c i ϕ i . Inside the sphere (Ω aug ), but in its distant part, the pseudo-wave function is expanded by auxiliary partial waves |ψ aug 〉 = i c iφi . Between the spheres in the crystal smooth pseudo-wave function is well approximated in terms of plane waves basis (∼ 10
In the crystal, all the electron wave function of an electron consists of three components described above as follows:
where 〈p i | is the projector function.
Transformation from pseudo-wave to all electron function is determined by operator τ, 
Exchange-correlation hybrid functional PBE0 [14] is obtained from the equation
where E PBE xc [n] is the exchange-correlation functional in the generalized gradient approximation [15] , E HF x [ψ sel ] is the exchange energy in Hartree-Fock theory, ψ sel and n sel is the wave function and electron density of selected electrons [16] , i.e., 4d electrons of Ag.
Calculation details
ABINIT program [17] was used for calculation of electronic properties of argyrodite crystal. The structure of β modification of the crystal was obtained from experimental study [8] . The argyrodite crystalizes in orthorhombic crystalline form with Pmn2 1 space group. The unit cell parameters are defined as a = 0.79168(6) nm, b = 0.78219(6) nm and c = 1.10453(8) nm, respectively. The unit cell of the crystal consists of two formula units (Z = 2) containing 30 atoms.
The projector augmented waves method (PAW) was used for solving the system of equations (2.3) with respect to crystal eigenenergies ε n and pseudo-wave functionsψ n . The PAW basis states have been generated by means of the AtomPAW program [18] 
Results and discussion
The calculations were performed with three values of α parameter such as 0.0, 0.25 and 0.33. The authors [14, 16] have recommended the value of α = 0.25.
The energy band structure of Ag 8 SnSe 6 is presented in figure 1 . The result obtained with exchangecorrelation potential within GGA is shown in figure 1 , with the coefficient value α = 0. In this case we found the band gap value of E g = 0.05 eV for the Ag 8 SnSe 6 crystal. The electron dispersion curves with local Coulomb correlation of Ag 4d electrons are presented in figure 1 on the right. For this calculation, the coefficient α = 0.33 was used in equation (2.4).
Comparing two E (k) spectra (figure 1) we found that the consideration of strong correlation of Ag 4d electrons leads to quantitative and qualitative changes of the energy band parameters. For example, the band gap value of Ag 8 SnSe 6 crystal is E g = 0.66 eV at Γ point in the first Brillouin zone which is in good agreement with experimental value E g = 0.82 eV [6] . For comparison, we also give a value of the bandgap E g = 0.54 eV, derived with the recommended option α = 0.25. According to our calculations, the considered material is characterized by a direct fundamental interband gap Γ-Γ. The top of the valence band is formed by p-states of Se, and at the bottom of the conduction band there dominate the s-states of Sn, so the dipole interband optical transition s-p is allowed. Thus, this is also an optical gap.
The comparison between figure 1 (a) and 1 (b) shows a significant renormalization of dispersion curves in the valence band. Below the Fermi level, the electronic states are located in the energy range 0.0 E 6.0 as illustrated in figure 1 (a) . The strong correlation of Ag 4d electrons leads to the splitting this broad band of electronic states into two groups of energy bands which is shown in figure 1 
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and 1 (b), is obviously caused by a partial removal of the Coulomb's self-interaction from the exchangecorrelation potential in equation (2.4), setting a non-zero coefficient α. Self-interaction leads to systematic errors in the band gap values of semiconductors and dielectrics [19, 20] . Figure 2 shows that Ag 4d electrons are localized in a narrow energy range and are characterized by high values of density of states. The energy range of about ∆E 4d ≈ 3 eV is obtained within GGA method. Using the exchange-correlation potential (2.4) with a mixing coefficient of (α = 0.25) leads to a significant decrease of this range to about ∆E 4d ≈ 2 eV. Moreover, the center of Ag 4d electron band is shifted to lower values of energy (approximately to 3.5 eV).
(a) (b) and Se. The total density of states (figure 4) illustrates that Ag 4d electrons are localized in a narrow energy bands. These Ag 4d electrons create a strongly correlated subsystem, which may be properly described by means of the semilocal GGA exchange-correlation potential and nonlocal Hartree-Fock exchange potential, with nonzero mixing parameter of α in equation (2.4).
Conclusions
The energy band structure of Ag 8 SnSe 6 crystal was obtained within the two theoretical models for exchange-correlation functional: a generalized gradient approximation GGA-PBE and a hybrid functional PBE0. In PBE0 approach, the first term describes s and p electrons within GGA formalism and the second one represents the Hartree-Fock energy for 4d electrons of Ag. The band gap value obtained from GGA formalism is very small. Taking into account the local strong correlation of Ag 4d electrons leads to the band gap value of 0.66 eV which is much closer to the experiment. Involving the Hartree-Fock energy in the calculation leads to the elimination of Coulomb self-interaction and to an increase of the band gap value. Therefore, we can conclude that the wave functions of Ag 4d electrons, on the one hand, and the states localized at the top of the valence band, and also lying near the bottom of the conduction band, such as p-states of Se and s-and p-states of Sn, on the other hand, reveal a considerable hybridization.
